ABSTRACT -This paper describes a three part analysis to characterize the interaction between the female upper extremity and a helicopter cockpit side airbag system and to develop dynamic hyperextension injury criteria for the female elbow joint. Part I involved a series of 10 experiments with an original Army Black Hawk helicopter side airbag. A 5 th percentile female Hybrid III instrumented upper extremity was used to demonstrate side airbag upper extremity loading. Two out of the 10 tests resulted in high elbow bending moments of 128 Nm and 144 Nm. Part II included dynamic hyperextension tests on 24 female cadaver elbow joints. The energy source was a drop tower utilizing a three-point bending configuration to apply elbow bending moments matching the previously conducted side airbag tests. Post-test necropsy showed that 16 of the 24 elbow joint tests resulted in injuries. Injury severity ranged from minor cartilage damage to more moderate joint dislocations and severe transverse fractures of the distal humerus. Peak elbow bending moments ranged from 42.4 Nm to 146.3 Nm. Peak bending moment proved to be a significant indicator of any elbow injury (p = 0.02) as well as elbow joint dislocation (p = 0.01). Logistic regression analyses were used to develop single and multiple variate injury risk functions. Using peak moment data for the entire test population, a 50% risk of obtaining any elbow injury was found at 56 Nm while a 50% risk of sustaining an elbow joint dislocation was found at 93 Nm for the female population. These results indicate that the peak elbow bending moments achieved in Part I are associated with a greater than 90% risk for elbow injury. Subsequently, the airbag was re-designed in an effort to mitigate this as well as the other upper extremity injury risks. Part III assessed the redesigned side airbag module to ensure injury risks had been reduced prior to implementing the new system. To facilitate this, 12 redesigned side airbag deployments were conducted using the same procedures as Part I. Results indicate that the re-designed side airbag has effectively mitigated elbow injury risks induced by the original side airbag design. It is anticipated that this study will provide researchers with additional injury criteria for assessing upper extremity injury risk caused by both military and automotive side airbag deployments.
INTRODUCTION
While modern Army helicopters incorporate crashworthiness features such as energy-absorbing landing gear and seats, self-sealing fuel systems, and harness restraints, helicopter occupants continue to be at high risk of injury during survivable mishaps. A study performed by Shanahan (1989) demonstrated that approximately 80% of helicopter crash injuries are caused by impacts between the occupants and the aircraft structure. In particular, the severe and fatal injuries are predominately head injuries such as concussions and skull fractures that are attributed to head strikes with the interior structures. These injurious head strikes can occur even when the pilot is wearing the flight helmet and properly restrained with the five-point belt system that includes an inertial reel.
To reduce the incidence of severe injuries from helicopter crashes, the United States Army investigated incorporating frontal and side airbags as a supplemental restraint system in its helicopter fleet. Shanahan (1993) projected a 23% reduction of injuries and 50% reduction in fatalities from head injuries during survivable helicopter mishaps through the use of airbags. Based upon these studies, development of a Cockpit Airbag System (CABS) for retrofit into existing aircraft was begun in the mid1990s. The US Army chose the UH-60A/L Black Hawk helicopter as the first aircraft for which a cockpit airbag system was designed. The helicopter crash event is complex and typically results from low altitude impact with trees, power lines, other aircraft, or gunfire. The resulting impact can include vertical, frontal and lateral acceleration components. Frontal airbags were installed to protect against frontal and vertical impacts.
Side airbags were mounted outboard of each crewstation, affixed to a rigid side armor panel, providing occupant flail strike protection during lateral impacts with roll or yaw components.
Following preliminary tests with the CABS system, concerns arose over the risk of unnecessary deployments of the CABS and the subsequent threat of side airbag-induced upper extremity injury to occupants . In particular, women have been considered the most vulnerable occupants to helicopter airbag loading due to their smaller stature, bone structure, and loss of bone mineral density, along with their increasing role in the military (Duma, 1999 (Duma, , 2003 . Although upper limb injuries are not as life threatening as the potential head injuries, they may be critical if the airbags deploy inadvertently during flight. The CABS triggering system is based on processed accelerometer data measured from the aircraft frame. This system has the very difficult task of distinguishing between acceleration pulses from the helicopter's own large caliber guns, incoming gunfire, and ground crashes.
Therefore, it is necessary to investigate the possibility of an inadvertent airbag deployment in flight that results in a upper extremity injury. If the injury is serious enough, such as a humerus fracture or elbow dislocation, the pilot may no longer be able to fly the aircraft, and an inadvertent deployment becomes a serious crash event.
The interaction between a deploying side airbag and the upper extremity has been shown by several studies to result in a range of upper extremity injuries. Kallieris (1997) , who used the Hybrid III 50 th percentile male dummy and male cadavers, found one humerus fracture out of five cadaver tests. Jaffredo (1998) found a wrist injury in a cadaver test that was the result of the hand becoming entrapped in the handgrip as the side airbag forced the upper extremity forward. In tests with small female cadavers, Duma (1998) found chondral and osteochondral fractures in the elbow joint for seven out of the 12 cadaver tests that had been subjected to upper extremity loading from a deploying seatmounted side airbag. A follow up study by Duma (2001) evaluated the same seat-mounted side airbag and the effect of a door mounted handgrip with six small female cadavers. The tests resulted in chondral and osteochondral fractures of the elbow in four of the six upper extremities, humerus fractures in two of the tests, and wrist injuries in two of the tests. Overall, the upper extremity region with the highest incidence of observed injuries as a result of a side airbag deployment was the elbow.
Previous research on frontal airbag induced forearm fractures has focused on two predictive techniques: evaluating the forearm bending moment (Bass, 1997) , and evaluating the forearm velocity (Hardy, 1997) . The forearm velocity measure has the advantage of being easily used with only an accelerometer on any upper extremity. In contrast, the bending moment prediction technique requires a mid-shaft load cell in the dummy upper extremity. Without the use of the instrumented upper extremity, another study determined the feasibility of measuring bending moments through strain gages on the dummy forearm as a potential injury index for arm fracture (Saul, 1996) . For the purpose of the present study, the injury criteria will be developed under the assumption that the user has the SAE 5 th percentile female instrumented upper extremity and can therefore directly measure the corresponding failure moments.
Furthermore, recent studies have produced injury risk functions for forearm and humerus fracture based on mid-shaft bending moments (Duma, 1999 (Duma, , 2003a and wrist injury as a function of axial forces acting through the wrist (Duma, 2003b) . Another study, purposed to develop a fracture tolerance for the elbow joint relative to the fracture risk attributed to side airbag loading, produced a multivariate risk function based upon the 5 th percentile female that predicts a 50% risk of elbow fracture at a compressive elbow load of 1780 N and load angle of 30 superior to the longitudinal axis of the forearm (p 0.01) . Other studies have also produced dose-response models for elbow injury during airbag loading (Duma, 1998 (Duma, , 2000 . These models predict the risk of elbow injury based upon axial loading of the elbow, as this condition was the primary mechanism of injury encountered during these studies. However, side airbag contact with the upper extremity can also impart large bending moments to the elbow joint, particularly during hyperextension of the elbow. Injury criteria are not currently available for use in evaluating the risk of elbow injury associated with side airbag induced bending moments produced by elbow hyperextension. This paper describes a three part analysis to characterize the interaction between the female upper extremity and a helicopter cockpit side airbag system as well as develop injury criteria for the upper extremity elbow joint. The purpose of Part I was to characterize side airbag-related upper extremity loading to the pilot and copilot occupants when exposed to the original UH-60 CABS side airbag, specifically during a non-crash deployment. The goal of Part II was to investigate injury resulting from moments to the elbow joint due to hyperextension under dynamic loading conditions similar to a cockpit side airbag deployment and to develop elbow injury criteria to assess upper extremity injury risk. The purpose of Part III was to assess a redesigned UH-60 CABS side airbag to characterize side airbag-related upper extremity loading to ensure risks obtained from the original design have been reduced prior to implementing the new system.
Background Anatomy
The upper extremity is composed of six morphologically distinct regions: the shoulder, arm or humerus, elbow, forearm, wrist, and hand. This paper focuses on the humerus, elbow, forearm, and wrist regions shown in Figure 1 . The distal head of the humerus and the proximal ends of the radius and ulna comprise the elbow joint. The elbow joint allows flexion of the forearm toward the humerus, extension of the forearm away from the humerus, and one half of the forearm pronation and supination rotations. Closer examination of the elbow joint reveals that flexion and extension are guided by the trochlear notch of the ulna, which rotates along the trochlea of the humerus. Flexion can range from the anatomically neutral position, which is full extension, to 145 in full flexion. As the forearm reaches full extension, the proximal trochlear notch reaches the joint stop and compresses into the olecranon fossa located on the posterior side of the distal humerus. This motion is guided primarily by four ligaments: the anterior, posterior, and ulnar collateral ligaments between the distal humerus and ulna, as well as the radial collateral ligament between the distal humerus and the radius.
Upper extremity injuries can be characterized using the Abbreviated Injury Scale (AIS). Injuries for the upper extremity can range from AIS 1 level tissue contusions to AIS 3 level comminuted fractures of the long bones. In particular, the elbow joint has a range of AIS injury codes from AIS 1 to AIS 3. The minor elbow joint injuries are AIS 1 values for contusions, sprains, ligament disruptions, and joint dislocations, and minor damage to the articular cartilage surfaces. More moderate AIS 2 elbow injuries include lacerations into the joint with ligament or nerve damage, as well as fractures through the cartilage surfaces into the underlying bone. The most serious injury possible for the elbow joint is an AIS 3 injury that is characterized by massive destruction of bone and cartilage. It should be noted that the AIS is a threat to life coding system and has limited application to characterizing elbow joint injuries that are not life threatening but may result in long term pain and loss of function. For this study an elbow joint dislocation (AIS 1) is defined to include anterior joint capsule disruptions, although capsule disruption could occur without joint dislocation.
METHODS
In Part I, 10 original UH-60 CABS side airbag tests were conducted in a Black Hawk helicopter using a 5 th percentile female Hybrid III dummy and instrumented upper extremity. For Part II, a single dynamic hyperextension impact test was performed on 24 matched pair human cadaver upper extremities utilizing a three-point bending configuration to initiate dynamic hyperextension of the cadaver elbow joint. Part III followed the same basic methodology as Part I with 12 redesigned UH-60 CABS side airbag modules tested. (Denton, Inc., Model 3525 , Rochester Hills, MI) was used to record forces and moments produced during upper extremity interactions with the deploying side airbag. A total of 10 side airbags, 5 pilot and 5 copilot modules, were utilized for these tests. These airbags were production-representative versions of the original CABS side airbag, which was a tethered design with a 60 L inflation capacity; an example is shown in Figure 3 . The instrumented upper extremity provided 24 channels of data including humerus and forearm extremity six-axis load cells (Denton 3780 and 4461, respectively, Rochester Hills, MI) , an elbow joint two-axis load cell (Denton, 3781) and rotary potentiometer (Denton, 4005) , a humerus two-axis angular rate sensor (ATA Sensors, MHD-04E, Albuquerque, NM), and forearm axis angular rate sensor (ATA Sensors, MHD-04E). Load cell data were recorded at a sampling frequency of 10,000 Hz and filtered to CFC 600. The data from the instrumented upper extremity were compared to small female upper extremity injury criteria developed for assessing the risk of airbag induced injury (Duma, 1999 (Duma, , 2003a . Even though there are limitations to the biofidelity of the dummy, these injury risk functions were determined using moment data from cadaver tests applied to moment data from dummy tests in order to provide a predicted risk for elbow injury. Moments recorded in the humerus were analyzed to assess the risk of humerus fracture, and forearm moments were examined to determine the risk of radius or ulnar fracture. Moments were recorded in the elbow joint but at the time of this study, no injury criteria were available to associate a risk with these values. For comparison to other tests, elbow moment onset rates were calculated for each test with respect to 25% and 75% of the signal range. An Ektapro (Kodak, Rochester, NY) high-speed video system, recording at 1000 fps, was used to document the airbag deployments. The video analysis was used to assess side airbag interaction with the upper extremity and upper extremity interaction with the cyclic in the right crewseat or pilot tests, and the collective in the left crewseat or copilot tests.
During each test, the positions of the crewseat, dummy, and flight controls were selected to place the dummy in positions characteristic of actual flight perceived to be potentially hazardous, as depicted in Figure 2 . The intent of these tests was to place the instrumented upper extremity in the deployment path of the side airbag, and thus at a risk of airbag induced injury. The helicopter pilot and copilot crewseats were adjusted to five aviator positions with respect to fore and aft and up and down seat placement as listed in Table 1 . The dummy was dressed in representative aircrew attire consisting of a one-piece Nomex flight suit, SRU-21/P survival vest, and SPH-4 flight helmet. The occupant's restraint system was fastened and adjusted to a light tension with the inertia reel unlocked. The dummy was positioned such that its left hand was placed on the collective and its right hand was placed on the cyclic. The natural curvature of the dummy hand was used to simulate the aviator's grip on both controls although without muscle tension. No other technique was employed to provide increased gripping strength, such as tape, to the controls as it was desired that the hands were allowed to release from the control levers under airbag loading. Previous research has illustrated that the hand grip strength does not affect the injury response of the forearm when subjected to airbag loading (Hardy, 1997; Duma, 2000) . The collective is the primary altitude and power control for the helicopter. It varies the lift produced by the main rotor system by increasing or decreasing the pitch of all the main rotor blades simultaneously or collectively, allowing the helicopter to gain or lose altitude. The cyclic controls the helicopter's pitch and bank attitude. It is the primary airspeed control in flight. Applying forward cyclic causes airspeed to increase while aft cyclic pressure reduces airspeed. The amount the cyclic is moved determines how fast the helicopter moves in any direction around a 360-degree circle, including forward, backward, left and right.
In both the pilot and copilot positions, the initial location of the right extremity is closer to the body than the left since the right extremity grasps the cyclic centrally positioned in front of the pilot. For both crewseat positions, the right upper extremity crosses the right femur, while the left upper extremity is at the pilot's side and parallel to the femur, gripping the collective. The initial configuration of the ATDs in the pilot and copilot positions resulted in different potential loading scenarios. The right upper extremity of the dummy in the pilot position grasped the cyclic and the left upper extremity of the dummy in the copilot position grasped the collective. These two extremities were in the path of the deploying side airbags. The left extremity of the copilot dummy was closer to the side airbag than the right extremity of the pilot dummy.
Part II: Upper Extremity Injury Criteria Development
The purpose of Part II was to investigate injury resulting from moments to the elbow joint due to hyperextension under dynamic loading conditions similar to a cockpit side airbag deployment and to develop elbow injury criteria to assess upper extremity injury risk. A single dynamic hyperextension impact test was performed on 24 matched pair human cadaver upper extremities (12 cadavers). The energy source was a drop tower utilizing a three-point bending configuration to provide dynamic hyperextension of the elbow joint with bending moments matching the onset rate and momentum transfer of the previously conducted original CABS side airbag tests.
Subject Information
All cadaver upper extremities were obtained from females 29 to 85 years old. Pre-test OsteoGrams were obtained for each upper extremity (Compumed, Inc., Los Angeles, CA). These OsteoGrams were used to examine the Bone Mineral Density (BMD) of the test subjects to identify if any specimen possessed a pre-existing osteoporotic condition.
The OsteoGram data and test conditions for each subject are listed in Table 2 . BMD is the recorded amount of calcium in regions of the bones as measured at the middle phalangeal bones of the left hand. The BMD index is the readout from the x-ray in arbitrary units and results are reported with respect to the normal population based upon the OsteoGram's reference database. A t-score can be used to compare the subject's bone mineral density with that of the general population whereas a z-score can be used to compare the bone mineral density of a subject with the average score for their age. The t-score is generally low for elderly subjects. A t-score of -1 corresponds to one standard deviation below the mean for a 30-year old subject, meaning the individual is at the 37th percentile for bone mineral density, or close to normal. T-scores of 2 and 3 correspond to 97 th and 99 th percentiles, respectively. 
Experimental Configuration
The drop test configuration used for Part II is depicted in Figure 4 . To stabilize the upper extremity in the test configuration, the proximal two thirds of tissue was removed from the humerus and inserted into a rigid square aluminum potting cup with polymer filler (Bondo Corporation, Atlanta, GA). The head of the humerus was removed using a bone saw to ensure a proper fit into the potting cup. Each upper extremity was preconditioned manually by flexing and extending it 10 times prior to testing. To maintain bending in the sagittal plane, a semicircular roller support was attached to the wrist and the aluminum pot connected to the proximal humerus. The rollers at the ends of the specimen were then placed on greased horizontal reaction plates. The distance between the reaction plates was adjustable to accommodate the various lengths of the upper extremities used for the tests. The upper extremity was positioned on top of the reaction plates with the distal end to the right such that the impactor head would contact the humerus pot upon impact. Anatomically with respect to the humerus, the forearm was positioned in full supination and the elbow joint fully extended over the supports. Two preliminary tests were performed to illustrate that pronation or supination of the forearm had no effect on the results of the dynamic hyperextension tests. Anatomically, the flexion/extension rotation about the elbow joint is not effected by pronation or supination since the rotation is ended when the proximal radial head contacts the olecranon fossa for both forearm positions. This is in contrast to midshaft bending of the forearm where global failure moments do not change based on the pronation/supination rotations.
The upper extremities were randomly divided into two equal groups. Each group was subjected to one of the following impact scenarios: 9.75 kg impactor mass at a high-energy drop height of 0.910 m, or the same impactor mass at a low-energy drop height of 0.303 m. The impactor assembly traveled on four reciprocating roller bearings connected to two linear shafts to reduce lateral flexibility. Instrumentation included six-axis load cells placed on the impactor and two supports. The impactor load cell (Denton 1968, 22 ,240 N, Rochester Hills, MI) was used to measure forces exerted onto the specimen by the impactor. Each reaction plate was supported by a single reaction load cell (Denton 5768, 11, 120 N, Rochester Hills, MI) that measured the forces exerted by each end of the upper extremity. An accelerometer (Endevco 7264B, 2000 G, San Juan Capistrano, CA) was attached to the impactor head to allow for inertial compensation of the mass between the upper extremity and active axis of the load cell. During the loading, the impactor head contacted a trigger strip positioned on top of the humerus pot to initiate the data acquisition for each test. Data from the load cells and accelerometers were recorded at a sampling frequency of 30,000 Hz with 16-bit Analog-to-Digital conversion resolution (Iotech WBK16, Cleveland, OH). Test kinematics were captured by high-speed video at 2,000 fps (Vision Research, Phantom IV, Wayne, NJ). All channels were filtered to CFC 600. In a study performed to recommend a filter class specification for the instrumented upper extremity, CFC 600 was recommended as the optimum filter class to use for upper extremity testing (Stitzel, 2002) . For comparison to other tests, elbow moment onset rates were calculated for each test with respect to 25% and 75% of the signal range.
Post-Test Analysis
Post-test detailed necropsies and cartilage ink staining analyses were conducted. Necropsies were performed to reveal the presence of bony fractures of the humerus, ulna, or radius, or large chondral and osteochondral fractures of the elbow joint as well as ligament damage and joint capsule disruption. Ink staining was used to highlight small fissures on the cartilage surface. A free-body diagram, shown in Figure 5 , illustrates the three-point bending configuration of the upper extremity with the layout of the left, F LR , and right, F RR , reaction forces and the inertially compensated impactor force, F IMP , recorded from the three load cells. Using D'Alembert's method, a generalized inertial term, ma, and disregarding rotational inertia, the dynamic equilibrium equation is developed and shown in Equation 1. In this study, the generalized inertial term was the difference between the impactor force and the sum of the reaction forces, representing the inertia from the linear acceleration of the effective mass of the upper extremity during the impact event.
The moment about the elbow joint was determined using the reaction force measured by the right load cell. The right support was used to calculate the bending moment about the elbow as it does not include the inertial effects of the upper extremity.
For each specimen, the right support force was multiplied by the individual forearm length, as measured from the right wrist roller to the center of rotation of the elbow joint, x, resulting in the value of the moment about the elbow joint as shown in Equation 2.
Statistical Analysis A statistical analysis was performed to characterize the forces that acted on the cadaver specimens and correlate them to the anatomic injury assessments of necropsy and ink staining. As a part of this analysis, a logistic regression analysis was performed to develop injury risk functions based upon experimental results. The binary subject variables were injury or no injury and specific injury outcome values, while the anthropometric and test data, such as mass and peak moment, were the independent test variables in this analysis. The specific input variables analyzed were age, specimen mass, BMD, pre-existing hyperextension, energy, and peak moment while the binary, injury output variables analyzed were injury, serious injury, fracture, dislocation/disruption, ligament damage, and cartilage damage. The statistical analysis comprised three parts.
First, the Pearson correlation coefficients, or R values, were computed with statistical software (SAS Institute, Inc., Cary, NC) to measure the strength of linear relationships between the input and output variables. Correlations greater than 0.4 were treated as potentially important. For n = 24, a value near 0.4 indicated a significant correlation at the 5% level.
Second, a logistic model using a paired GENMOD logistic regression analysis (Schabenberger, 2002; Collett, 2003) was used to perform a single variate analysis for the determination of p-values. This model was preferred over the previous logistic model due to its ability to use a binomial distribution, which was more appropriate for analyzing the binary injury or no injury variables existing in this analysis. Also, this method could account for two samples or a matched pair from each subject, providing more accurate estimates of variability and tests of significance. The significance of parameters in the model was evaluated using a Wald Chi-square test. This was calculated by squaring the result of the estimate of the parameter divided by the approximate standard error of the estimate. P-values near or below 0.05 were considered to be significant. In addition, risk function curves were developed. For certain combinations of risk factors, additional GENMOD models were investigated. Again logistic models were fit to the data and risk functions derived to investigate the combined effect of these variables on injury. The significance of the model was evaluated for each risk function using a likelihood ratio test ( = 0.1). The test was calculated as -2 multiplied by the difference between the likelihood for the intercept only model and the likelihood for the model containing the variables, resulting in a chi-square value. For models with one, two, or three degrees of freedom, a chi square value greater than 2.7, 4.6, and 6.25 were considered to be good, respectively. Finally, a Consistent Threshold (CT) non-parametric model, chosen for its capability of being a maximum likelihood estimate, was used to quantitatively assess the goodness of fit of the previous logistic regression parametric model (Nusholtz, 1999) .
Part III: Redesigned Side Airbag Dummy Upper Extremity Tests
The purpose of Part III was to assess a redesigned UH-60 CABS side airbag to characterize side airbagrelated upper extremity axial forces and moments that result in forced hyperextension to ensure risks obtained from the original design were reduced prior to implementing the new system. To facilitate this, 12 redesigned side airbag deployments were conducted using 6 pilot and 6 copilot modules. The airbag modules used were production-representative versions of the redesigned UH-60 CABS side airbag, which was also a tethered design with a minimized 45 L inflation capacity; an example is shown in Figure 6 . The basic methodology of this study followed the same configuration, instrumentation, video analysis, and data acquisition procedures as Part I. However, additional accelerometers were used on the humerus and forearm segments of the instrumented upper extremity to measure wrist and elbow axial loading in light of recently developed injury criteria (Duma 1998 (Duma , 2000 (Duma , 2003b . Axial forces recorded in the wrist were analyzed to assess the risk for any type of wrist injury, whereas axial forces measured in the elbow were used to assess the risk of distal trochlear notch injuries based on a load angle 30˚ vertical of the long axis of the forearm. Also, the elbow bending moment injury risk function created for the female upper extremity in Part II was used to determine injury risk from the redesigned side airbag. All 12 tests were conducted with the dummy seated in similar aviator positions as Part I except for test 3.06, which was added to the present test series as a worst-case position, meant to produce the maximum interaction between the left upper extremity and the redesigned side airbag. In this test, the seat was positioned at the full extent of its forward and upward travel. This position is extreme, but not unreasonable, particularly for aviators of short stature or sitting height.
RESULTS

Part I: Original Side Airbag Dummy Upper Extremity Tests
Video analysis revealed considerable contact between the deploying side airbag and the dummy's outboard upper extremity in the pilot and copilot crewstations. The deploying side airbag often made initial contact with the shoulder. The initial deployment trajectory was dependent upon the initial position of the dummy such that the side airbag appeared to seek unoccupied areas. The side airbag placed the left elbow in hyperextension in three out of the five tests when the left hand did not freely release from the collective, as shown in Figure 7 . Table 3 shows the peak force and peak moment values of all tests compared against injury risk curves proposed for the instrumented upper extremity with respect to the forearm and humerus (Duma, 1999 (Duma, , 2003a . No injury criteria were available at the time for use in evaluating the predicted risk of elbow injury associated with the moments that result in forced hyperextension. Therefore, the risk caused by the determined elbow bending moments was unknown. High risks of forearm fracture were observed during three out of the five left side airbag tests. These risks exceeded a 90% chance of fracture to the radius or ulna. Also, high risks of humerus fracture were observed during two out of the five left side airbag tests with risks that exceeded an 80% chance of fracture. Higher moment values and injury risks were obtained for the left extremity of the dummy in the copilot position. Table 3 and Table 4 show that the elbow moment loading rates attributed to the side airbag and drop tower energy sources from Parts I and II, respectively, were found to be relatively similar to one another. This similarity was determined by comparing instrumented ATD upper extremity tests to cadaver dynamic hyperextension tests as seen in Figure 8 . The average moment onset rate for the original side airbag dummy tests was 66 ± 48 Nm/ms t = 0 ms t = 18 ms t = 27 ms Figure 7 : Part III high speed video of dummy elbow hyperextension from side airbag loading. and not significantly different from the average high energy cadaver tests of 44 ± 27 Nm/ms (p = 0.23) or the low energy cadaver tests of 31 ± 30 Nm/ms (p = 0.07). Additionally, the elbow loading rates for the high and low energy cadaver tests were not significantly different from each other (p = 0.27). The peak elbow bending moments ranged from 42.4 Nm to 146.3 Nm and are shown in Table 4 . In Figure 9 , comparison of the moment versus time plots of two matched pair specimens shows that while subject 7 and subject 12 were exposed to the same amount of energy, the test with subject 7 resulted in an elbow joint dislocation with medial and lateral ligaments almost completely torn yet the test with subject 12 resulted only in an elbow joint dislocation. All 12 high-energy tests resulted in injuries totaling 5 joint dislocations, 9 fractured limbs, 3 ligament injured limbs, 1 cartilage injury, and 1 anterior capsule disruption. Figure 12 shows the peak elbow moment separated by impactor energy for both injury and no injury outcomes. Figure 13 shows the peak elbow moment separated by impactor energy specifically for dislocation and no dislocation injury outcomes. Eight of the low-energy tests did not result in injury, while four of the low-energy tests resulted in a total of 3 fractures, 1 ligament tear, and 1 anterior capsule disruption. Note that the small number of capsule disruptions occurred without a joint dislocation and were not investigated statistically. None of the low injury tests resulted in joint dislocation or cartilage injury. 
Part II: Upper Extremity Injury Criteria Development
Statistical Correlations for Cadaver Tests
In conducting the three-part statistical analysis, the binary subject output variables were injury or no injury and specific injury outcome values, while the anthropometric and test data, such as mass and peak moment, were the independent test variables in this analysis. The specific input variables analyzed were age, specimen mass, BMD, pre-existing hyperextension, energy, and peak moment while the binary, injury output variables analyzed were injury, serious injury, fracture, dislocation/disruption, ligament damage, and cartilage damage.
Results of the Pearson correlation analysis indicate that potentially important statistical correlations were found between peak elbow bending moment and the predicted risk for any elbow injury as well as between peak elbow bending moment and the predicted risk for elbow joint dislocation (R = 0.421, R = 0.630). Impact energy correlated well with every output variable except ligament and cartilage damage, shown in Table 6 . Table 7 shows the results of the single variate logistic model using a GENMOD paired logistic regression analysis assuming a binomial distribution. Peak elbow bending moment proved to be a significant indicator of the predicted risk of any elbow injury and the predicted risk of elbow joint dislocation (p = 0.019, p = 0.009). Again, all relationships between energy and the output variables, minus ligament and cartilage damage, were found to be significant as could be expected. Also, a significant relationship was found between age and ligament damage as well as specimen mass and ligament damage (p = 0.026, p = 0.030).
Injury Risk Functions
All 24 dynamic hyperextension impact tests were included in the analysis that produced single variate risk functions for any elbow injury or joint dislocation with respect to the peak elbow bending moment applied during the test. This analysis yielded single variate risk curves as a function of applied peak elbow bending moment alone with the x variable as the applied peak bending moment through the elbow joint as shown in Equation 3 with c = d = 0, and the other coefficients given in Tables 8 and 9 . This function can then be plotted, as in Figure 14 , and these curves can be used to determine the risk of any elbow injury or joint dislocation for any bending moment value. This function, applied to the elbow bending moment data taken from the original CABS side airbag tests, revealed occupant elbow injury risks that ranged from 6.2% -99.1% with two peak bending moments of 128 Nm and 144 Nm that achieved a greater than 95% risk, at 98.0% and 99.1%, respectively. A 4.7% risk for any elbow injury was found at 0 Nm as a function of the parametric logistic regression curve. However, this risk is eliminated when applying the Consistent Threshold Method.
More complete multivariate risk functions were determined by individually combining specimen mass and age with the applied peak elbow bending moment. This risk function included the y variable as either the specimen mass in kilograms or age in years in addition to the x variable as the applied peak bending moment through the elbow joint as shown in Equation 3 with d = 0. The combination of specimen mass and peak bending moment produced a risk function that was a near significant indicator of any elbow injury (p = 0.061), and a good significant indicator of elbow joint dislocation (p = 0.001). This risk function can be used to determine the risk of any elbow injury or dislocation for any bending moment value in combination with any specimen mass or age. Next, multiple variate analyses were investigated. These terms involved the combination of both specimen mass and age with the applied peak elbow bending moment. This risk function included the z variable as specimen age in years, the y variable as specimen mass in kilograms, and the x variable as the applied peak bending moment through the elbow joint again in the form of Equation 3. It can be used to determine the predicted risk of any elbow injury or dislocation for any bending moment value in combination with any specimen mass and age.
Part III: Redesigned Side Airbag Dummy Upper Extremity Tests
High-speed video revealed considerable contact between the deploying side airbag and the dummy's outboard upper extremity and shoulder in the pilot and copilot crewstation. Table 10 summarizes the results of Part III. In two tests of the original side airbag design, high probabilities of left humerus fracture were recorded at 81% and 99.7%. Comparable tests of the redesigned bag showed a 0% chance of humerus fracture. In two of the four right upper extremity comparable test pairs, the risk of right humerus fracture was marginally increased with the redesigned side airbag design. The highest probability of right humerus fracture due to the redesigned side bag with typical dummy seat placement was only 3.6%. With the dummy seated in the worst case position, a 28.6% risk of left humerus fracture was found.
When comparing the results of the redesigned side airbag test to the results of the original side airbag tests, in all five comparable test pairs of the left forearm, the probability of forearm fracture was reduced. In these test pairs, the highest probability of fracture was only 1.1%, not including the worst case.
The highest probability of fracture due to the redesigned side airbag in any test was the worst case test recorded at 2.5%. When considering the right forearm, the highest probability of fracture due to the redesigned side bag was 1.1%.
Based upon the elbow bending moment injury risk function developed in Part II, a maximum probability of elbow injury was found to be 9.5% and 13.3% for left and right elbow joints, respectively, when exposed to a redesigned side airbag deployment. These values exclude the worst case test, which was found to have a 15.1% risk. However, these risk values, including the worst case, are greatly reduced in comparison to the peak elbow bending moment risk values found in Part I that exceeded 95% risk due to the original CABS design. Also, the peak axial force values were compared against new injury risk curves proposed for the instrumented upper extremity with respect to the elbow joint (Duma, 1998 . All axial elbow joint forces obtained by the redesigned airbag showed to have an overall minimal risk of causing injury, with a maximum risk occurring at 9.3 % for the left elbow joint and 4.0% for the right elbow joint. 
DISCUSSION
The newly developed elbow injury risk functions predict a 50% risk of any elbow injury at 56 Nm with a 100% probability of any elbow injury at 186 Nm. Also, at 93 Nm and 194 Nm, this risk function calculates a 50% and 100% risk of elbow joint dislocation, respectively. In other words, for a given percent risk of injury, it is observed that the moment required to cause dislocation of the elbow joint is higher than the moment required to offer the same risk of a non-specific injury. This could be caused by the fact that a brittle bone fracture may require less force than the dislocation of a strong elbow joint. Taking into account the broad range of human specimen age and BMD data presented in this current study further strengthens this argument. Therefore, if a bone fracture does not initially occur, the force is able to continue to increase to a point at which it is able to dislocate the joint. Also, less force is required to incur minor injuries, such as minor cartilage lesions and ligament disruptions, which are included in the risk for any injury. Furthermore, it is noted that all joint dislocations (AIS 1) occurred during only high-energy tests while more serious injuries such as fractures (AIS 3) occurred in both energy levels. Although extra-articular fractures may be considered serious on a threat to life scale, they are medically simpler to repair with less long term pain. In contrast, elbow joint dislocation can lead to long term pain and even loss of functionality if the condition becomes arthritic.
The mechanism for injury about the elbow joint was assumed a priori to be pure moment due to dynamic hyperextension. As such, no other input parameters were examined in the statistical analysis. It is possible that some other physical variable would show better correlation with injury. At the tissue level, there are multiple injury mechanisms to consider such as tensile stresses to the ligaments and compressive stresses to the cartilage. These local injury mechanisms are too complex to analyze for the current study, which was only focused on the effects of global hyperextension to the elbow joint.
The differences found when comparing the moment onset rates from both cadaver and dummy tests can be attributed in large part to the biofidelic limitations of the dummy upper extremity. The dummy upper extremity has an approximately 2 mm thick stiff rubber stopper in the elbow joint that provides a great amount of structural stiffness in comparison to a cadaver arm that includes multiple layers of soft tissues, including cartilage and ligaments, closely surrounding the joint as well as some supporting musculature. A moment of any high value can be applied to the instrumented upper extremity without causing a break, unlike a cadaver upper extremity, which is susceptible to high moment values because of the typically lower strength of biological materials. In the current study, values obtained from the dummy tests were used only as guidelines in determining the type of dynamic loading associated with a side airbag deployment, and the validity of the injury risk function developed in Part II. Furthermore, there was no significant difference found between the loading rates in the high and low energy cadaver tests.
Similarly, it is suggested that the difference in the unloading of the curves between the dummy and cadaver tests is also due to lack of dummy biofidelity. It is the considerably stiff dummy elbow joint stopper that results in the symmetric shape of the moment-time curves and the immediate return to zero during the unloading process. It is believed that the minor oscillation of the unloading portion of the cadaver curves is attributed to the interaction between the impactor and the surrounding soft tissue of the joint. While the stiff dummy extremity sees a sharp peak and immediate drop in bending moment due to the elbow stopper joint, the cadaver extremity must unload the soft tissues surrounding the elbow joint before the return to zero.
It is important to note that the principal function of the Blackhawk side airbag system is to minimize the risk of serious to fatal injuries. In lateral dynamic impacts both the original and redesigned side airbag offer substantial occupant protection relative to serious head injuries. Unfortunately, while tests have been carried out to assess the dynamic performance of the redesigned system, the data are not available for publication at this time. Optimizing the side airbag in order to keep its serious injury mitigating properties while minimizing the risk of less severe upper extremity injuries is a very complex issue. One critical factor to consider for the Blackhawk helicopter environment is the risk of inadvertent airbag deployment from incoming small or large arms fire. While a dislocated elbow is not life threatening, if it occurs as a result of an inadvertent deployment while at altitude, the pilot may not be able to continue flying and subsequently crash the aircraft. Then the minor elbow injury can become equivalent in some aspects to the more severe injuries. Considerable effort was put into the airbag trigger circuit to prevent inadvertent deployment, but this is a good example of just one of the complex issues to consider when optimizing the side airbag.
The ultimate goal in the data analysis of this study was to derive accurate injury risk curves that would fit the upper extremity test data in order to define injury probability as a function of peak elbow bending moment. Often a parametric model, which assumes a form or shape, is chosen for the development of an injury risk curve. Yet, a study performed by Domenico and Nusholtz (2003) stated that it is incorrect to assume the shape of the injury risk curve for impact experiments and that a nonparametric model is better suited for biomechanical data since it is not constrained by a prior specified risk form and its curve always starts at an injury probability of zero. The Consistent Threshold (CT) method used for this study is the most wellestablished non-parametric method for modeling arbitrarily censored data. The CT method gives a monotonically increasing function of stimulus as it represents the number of injuries (1) as a percentage of the number of observations (1's and 0's). However, a more recent analysis performed by Kent (2004) found that differences between the parametric and non-parametric models were only found to be most notable at the tails of the parametric curve and that non-parametric risk functions were generally within the confidence bounds of all parametric models. It was because of this controversy that both models were used to develop the injury risk curves for the current study. Specifically with regards to the current analysis, the parametric curve determined by the paired GENMOD logistic regression model proved to fit the non-parametric CT function well, with only marginal differences noted in the tail regions of the curve.
The decrease in humerus and forearm axial compression and tension in the left upper extremity is a positive effect of the redesigned airbag system, but the reason for an increase in right upper extremity forces in axial compression is unclear. Differences in outboard upper extremity position between the right and left seats may account for these findings. Manipulation of the collective lever by the left upper extremity requires flexion and extension of the elbow while the forearm remains generally parallel to the long axis of the aircraft. Operation of the cyclic by the right upper extremity is more complex, requiring movement of the cyclic head forward, backward, left, and right, with the forearm generally deviating medially to allow grasping of the centrally mounted cyclic handgrip. It is not immediately apparent why the measured axial compressive forces should decrease in the left upper extremity but increase in the right upper extremity with the introduction of the redesigned side airbag. Side airbag trajectory may play a part in generating axial forces. As depicted in Figure 15 , the deployment trajectory of the redesigned side airbag is different from the original design as are the unfolding and inflation patterns. t = 0 ms t = 5 ms t = 10 ms t = 15 ms t = 0 ms t = 5 ms t = 10 ms t = 15 ms The initial deployment trajectory of the redesigned airbag appeared to be upward, toward the upper shoulder area, as opposed to forward toward the upper extremity as in the original design. Forces generated by this interaction could be transferred through the elbow into the forearm resulting in elevated forearm axial compressive loads. The deploying airbag also appears to be less inflated, allowing the bag to go around the occupant's upper extremity and shoulder. In the previous side airbag design, the deploying bag appeared to be more fully inflated as it deployed from the module, and thus more likely to contact the body regions as it deployed forward.
The aggressivity of an airbag is representative of the deploying airbag's energy in the form of geometry, velocity, mass, deployment trajectory, and pressure, and can be interpreted as the airbag system's potential to do harm. The aggressivity of the redesigned side airbag may have increased over the original design, as the gas generator is the same while the bag size and volume have been reduced. This potential increase in bag aggressivity due to bag volume reduction may be mitigated by altering its deployment trajectory and pattern to areas less likely to be occupied by an occupant.
There are numerous variables affecting the airbag system performance and injury potential. Anthropometric measures influencing side airbag injury potential could include sitting shoulder height, shoulder breadth, hip width, humerus length, and forearm length. Flight control, seat adjustment position, and occupant position at the time of airbag deployment further complicates injury risk estimation. Using all available upper extremity injury criteria, the redesigned CABS side airbag was found to have reduced the overall risk of injury to the upper extremity compared to the original CABS side airbag system. The SAE 5 th percentile female instrumented upper extremity has been shown to be capable of characterizing the upper extremity response under airbag loading (Bass, 1997; Duma, 1998; . The instrumentation package of the device was designed to quantify the kinematics and kinetics of the upper extremity while being loaded by a deploying airbag. Humerus moments recorded in the subject and dummy have been found to have similar responses such that the dynamic injury tolerance for the 5th percentile female humerus of 128 Nm was recommended for use with the dummy (Duma, 1998) . The elbow of the SAE 5 th percentile female instrumented upper extremity is a single degree of freedom joint allowing flexion and extension but not pronation and supination rotations observed in the human upper extremity. This loss of rotation is not significant to the current application given the symmetry of the upper extremity shaft. On the distal end of the dummy upper extremity, two strain gages can measure bending moments about the X and Y axes. The elbow bending moment in hyperextension, MY, can be evaluated directly by these strain gages. Based upon the determination of this study that peak elbow bending moment is a significant indicator of any elbow injury (p = 0.02) and of elbow joint dislocation (p = 0.01), various risk functions were developed to define elbow injury criteria based upon specimen age, specimen mass, and moment values similar to those applied by an airbag. Consequently, these risk functions can be applied directly to the elbow bending moment, MY, of the instrumented dummy upper extremity for future side airbag loading analyses. While there may be some biofidelity limitations, this is the best available data at this time.
CONCLUSIONS
First, it was determined that the original CABS Black Hawk helicopter side airbag system caused high moments in the upper extremity resulting in high injury risk to the occupant. Large bending moments in the forearm and humerus were associated with high risk for fracture. Two out of the ten tests resulted in high elbow bending moments of 128 Nm and 144 Nm. Second, 16 of the 24 dynamic hyperextension tests resulted in injuries. Peak bending moment proved to be a significant indicator of any elbow injury (p = 0.02) as well as elbow joint dislocation (p = 0.01). Using peak elbow bending moment data for the entire test population, a 50% risk of obtaining any elbow injury was found at 56 Nm while a 50% risk of sustaining an elbow joint dislocation was found at 93 Nm for the female specimen. These results indicate that the peak elbow bending moments achieved in Part I are associated with a greater than 90% risk for elbow injury. This risk assessment revealed a high risk of injury to the upper extremities in the event of an inadvertent deployment of the original helicopter side airbag system. Subsequently, the airbag was re-designed in an effort to mitigate upper extremity injury risks. Third, it was determined that the redesigned side airbag design mitigated injury risk by reducing high probabilities of elbow joint injury to 13% or less.
In summary, using all available upper extremity injury criteria, the redesigned CABS side airbag greatly reduced the risk of injury to the upper extremity compared to the original CABS side airbag system. This study provides researchers with a comprehensive set of injury criteria for assessing upper extremity injury risk caused by side airbag deployments. This research can also be applied to the design improvement of other helicopter side airbag systems to prevent and reduce injuries to the occupants. It is anticipated that this study will provide researchers with a comprehensive set of injury criteria for assessing upper extremity injury risk caused by both military and automotive side airbag deployments.
